A dual-core fiber in which one of the cores is doped with germanium and the other with phosphorus is used as an in-line Mach-Zehnder dispersive interferometer. By ensuring an equal length but with different dispersion dependencies in the interferometer arms (the two cores), high-sensitivity strain and temperature sensing are achieved. Opposite sensitivities for high and low wavelength peaks were also demonstrated when strain and temperature was applied. To our knowledge this is the first time that such behavior is demonstrated using this type of in-line interferometer based on a dual-core fiber. A sensitivity of 0.102 0.002 nm∕με, between 0 and 800 με and −4.2 0.2 nm∕°C between 47°C and 62°C is demonstrated.
Dual-core, or two-core, fibers were first proposed as strain sensors in 1981 [1] . These types of fibers were also demonstrated as temperature sensors in 1983 [2] . With the advent of microstructured fibers, several dual-core fibers were developed, such as twin-core fibers with special air cladding [3] , based on photonic bandgap fibers [4, 5] and polymer fibers [6] . Hybrid dual-core fibers where light is guided by total internal reflection in one core and by bandgap guidance in the other were also proposed for wavelength-selective coupling [7] . More recently, another type of microstructured dual-core fiber was developed: the suspended twin-core fiber. In this case the two cores appear to be suspended in large air holes by thin glass bridges [8] . All these configurations can be used for the measurement of different parameters, such as refractive index [5, 9, 10] or biosensing [6] . Through the selective infiltration of a single hole with fluid along a dual-core photonic crystal fiber (PCF), a record sensitivity for a fiber device of 30,100 nm per refractive index unit was demonstrated [10] .
Usually, when the Mach-Zenhder (MZ) interferometer is subjected to physical parameter, the phase changes as the length or/and the refractive index is altered in one of the arms. The main advantage of using a single fiber with twin-cores is the stability of the interferometer, namely with the temperature. Strong immunity to bending has also been demonstrated using a twin-core PCF for an in-line MZ interferometer [11] . However, by designing the fiber to have two different cores, it can be made highly sensitive to these parameters. The design of the fiber also introduces relevant trade-offs: the optical coupling between the two cores can be a limitation when the two cores are close [6] . On the contrary, when the two cores are very distant, coupling light simultaneously from a single-mode fiber (SMF) to the two cores may be challenging. In this case to solve the problem, a tapered fiber splice is a convenient solution.
In this Letter, the authors present an in-line dispersive MZ interferometer based on a dissimilar dual-core fiber used as a sensing element. The optical path is different because the two cores present different doping materials (and hence different refractive indices and different sensitivities to strain and temperature). The dispersive interferometer is characterized in strain and temperature and demonstrated to be an alternative solution for highsensitivity measurement of these magnitudes.
The dual-core fiber used as sensing device had a length of 0.5 m and measured losses of ∼15 dB∕km at 1550 nm. The host material of the fiber was pure silica and the diameter of the cladding was 125 μm. As for the cores, one of them was doped with germanium, had a diameter of 5.1 μm, an expected Δn of 0.013 (estimated from the fiber preform), and a NA of 0.195. The second core was doped with phosphorous, had a diameter of 6.4 μm, a Δn of 0.00835, and a NA of 0.155.
The core sizes were chosen in order to achieve an estimated cutoff wavelength of ∼1.3 μm in both cores. The distance between the two cores was approximately 14.9 μm, thus strongly reducing cross talk between the two cores [6] . An image of the transversal cross section of the dual-core fiber geometry is presented in Fig. 1 .
First, a theoretical model for the dispersive interferometer is developed. The interferometer is created by splicing both ends of the dual-core fiber with standard SMF. Since the two cores of the dual-core fiber have different refractive indices, these will present different optical paths and an interferometer is created. When strain or temperature is applied to the dual-core fiber, the optical path difference between the interferometer arms (the two cores) is changed, and therefore the optical spectrum at the end of the interferometer is changed. Since the two cores are built in the same silica matrix, the arms of the interferometer are assumed to always have the same length. This is a key aspect of the dual-core fiber-based MZ interferometer. In traditional MZ interferometers, a change in the length of an arm will change the phase by a factor proportional to the refractive index of the arms (n 1 ; n 2 ). In this case, however, a change in the fiber length will only change the phase by a factor proportional to the difference of refractive index among the two cores (Δn n 1 − n 2 ), which is much smaller than n 1 ; n 2 . At the end of the dual-core fiber, the light in the core i will be given by
where E i is the amplitude of the field of the core i (i 1; 2), L is the fiber length, and kω i is the wavenumber of the core i, which is a function dependent on the angular frequency (ω). Although some degree of birefringence must also exist in this type of fiber, a simple analysis allows concluding that for the number of fringes observed, the birefringence does not play an important role and is therefore neglected. Birefringence would essentially result in the sum of two interferometers (the fast and slow axis of the cores), which would add an envelope function after a large number of fringes. The intensity of the light at the end of the dual-core fiber (sum of the fields coming from cores 1 and core 2) will be given by
where Δkω k 1 ω − k 2 ω. In this case, the evolution of the interference fringes of the dispersive interferometer will be determined by the argument of the cosine, hereinafter referred as the phase of the interferometer [Phaseω] . When Phaseω has a value of m 2π (m 2π π), where m is an integer, the interference spectrum has a local maximum (minimum). Using the Taylor expansion of Δkω around an arbitrary ω 0 we obtain
where dΔkω∕dω is the difference between the inverses of the group velocities of cores 1 and 2 in ω 0 and d 2 Δkω∕dω 2 is the difference between the group delay dispersions (ΔGDD) of cores 1 and 2 in ω 0 . Dispersion terms of order higher than 2 are neglected as the frequency range used in the experimental measurements is not very large. In conventional MZ interferometers based on twin-core fibers, the dispersion difference among the cores can be considered very low. Here, the fiber is actually composed of two cores with highly dissimilar dopings (Ge and P). This leads to an interesting dispersion change of the interferometer around 1550 nm, which makes it especially sensitive. In the experimental measurements it was observed that there is a the value of Phaseω increases/decreases, causing the peaks to move toward/away from the center of the dispersion interferometer (λ 0 ). In the simulations it was possible to observe that changes in Δn 0 of 10 −6 caused substantial (>1 nm) changes in the peaks positions. Equivalent variations in the peaks positions were only achieved in the simulation with changes of ΔL > 1000 με (with Δn 0 constant). In this case, it is expected that when straining the fiber, the impact of the stress-optic coefficient will be higher than the impact of the fiber length increase, as demonstrated in the experimental results. Figure 3 presents the experimental configuration used to characterize the dispersion interferometer based in a dual-core fiber as sensing element. The dispersive interferometer is created by splicing both ends of the dual-core fiber with SMF. The core of the SMF was placed between the two cores, thus minimizing the differences between the amount of light coupled into each of the cores and therefore increasing the visibility. After the fusion splice, the fiber is tapered reducing the diameter of the fiber in the splice region to ≈60 μm (approximately half the initial size). This increases the NA and therefore the coupling of light into both cores. Strain was applied to the dual-core fiber by fixing one end to a stationary stage and the other end to a micrometric translation stage on which deformations were applied at 13°C. As for the temperature measurements they were performed with no strain applied to the dual-core fiber. An erbium-doped fiber amplifier (EDFA) was used to illuminate the dispersive interferometer and an optical spectrum analyzer (OSA) with a maximum resolution of 0.01 nm was used to interrogate it in transmission. Figure 4 presents the transmission spectrum of the dispersive interferometer and the respective wavelength shift for increasing applied strain [ Fig. 4(a) ] and temperature [ Fig. 4(b) ]. The characteristic dips of an interferometer appear in the spectral response as expected. The spacing between the dips presents symmetry around a central wavelength (at ≈1540 nm) and decreases when moving away from it. In terms of sensitivity (both to strain and temperature), the interferometer peaks present opposite response for wavelengths higher and lower than the central wavelength. These peaks move symmetrically away/toward the center for applied strain/temperature, as predicted by the theoretical model. To our knowledge this is the first time that this effect is observed in this type of in-line interferometer based on a dual-core fiber. As explained in the theoretical model, this is owed to a change in the sign of the derivative of Δkω. The visibility of the peaks seems to decrease when moving away from the center. This effect, however, is owed to the emission spectrum of the EDFA, which transmits more light in the 1500-1600 nm range than in the rest of the observed range. When observed with a broader light source, the peaks presented similar visibilities in a higher range (at least 1400-1700 nm). Figure 5 shows the wavelength shift of the peaks of the dispersive interferometer spectrum when (a) strain (at 13°C) and (b) temperature (with no strain) is applied.
With increasing applied strain [ Fig. 5(a) ] the interference fringes are observed to move toward the center. Given the parabolic nature of the evolution of Phaseλ, the sensitivity of the peaks decreases when moving away from the center. Monitoring a single peak, average sensitivities of −0.125 0.003 nm∕με (1520-1460 nm) and 0.102 0.002 nm∕με (1540-1640 nm) were observed when a strain of up to 800 με was applied. This value is much higher than the typical values presented by fiber Bragg based sensors (≈1 pm∕με [12] ) or traditional dual-core in-line MZ interferometers (≈1 pm∕με [11, 13] ), in which the difference between dispersion dependencies of the two cores is much weaker than the ones presented in this work.
As for the temperature measurements, with increasing applied temperature [ Fig. 5(b) ] the interference fringes are observed to move away from the center. Monitoring a single peak, average sensitivities of −4.0 0.1 nm∕°C (1640-1570 nm) and 4.2 0.1 nm∕°C (1460-1540 nm) were observed when the temperature was raised from 47°C to 62°C. In this case, taking the resolution of the OSA (0.01 nm) a resolution of the experimental setup of 0.002 με and 0.08°C can be estimated.
It is also important to point out that the center of the spectrum (Δkω 0) was observed to shift ≈ − 7 nm from 1540 to 1533 nm, while maintaining the form of the transmission spectrum, for an applied strain between 0 and 1000 με [ Fig. 5(a) ] and ≈13 nm (from 1540 to 1553 nm) when the temperature was raised from 13°C to 62°C [ Fig. 5(b) ]. This means that the dispersion curve was changed when applying temperature/strain. This effect can be used to measure the value of the absolute temperature/strain rather than only measuring variations of temperature/strain.
In conclusion, a new device concept for a highly sensitive MZ interferometer, based on a dual-core fiber with dissimilar-doping is described theoretically and experimentally. By ensuring the same length in both arms of the interferometer (built in the same silica matrix), the interferometer is only sensitive to the variations in differential dispersion among the two cores, thus allowing high-sensitivity strain and temperature sensing with also a good robustness and even potential for absolute measurements.
A theoretical model is given presenting good agreement with the experimental results. Opposite sensitivities for wavelength peaks higher and lower than the central wavelength of the interferometer were demonstrated when strain and temperature were applied. To our knowledge this is the first time that such behavior is demonstrated using this type of in-line interferometer based on a dual-core fiber. The effect is demonstrated to be owed to a sign reversal in differential dispersion between the wavenumbers of the cores.
A sensitivity of 0.102 0.002 nm∕με, between 0 and 800 με and −4.0 0.2 nm∕°C between 47°C and 62°C is demonstrated. The center of the spectrum was observed to shift to higher/lower wavelengths with applied temperature/strain, which allows the measurement of absolute temperature/strain. 
